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The structure of the neutron-deficient ®C isotope was studied via elastic scattering of radioactive 
*B on protons. An excitation function for resonance elastic scattering was measured in the energy 
range from 0.5 to 3.2 MeV in the center-of-momentum system. A new excited state in was 
observed at an excitation energy of 3.6 MeV. An R-matrix analysis indicates spin-parity 5/2~ for the 
new state. The results of this experiment are compared with Continuum Shell Model calculations. 



I. INTRODUCTION 

Light nuclei play a central role in nuclear physics since 
they are the simplest cases where nuclear many-body 
dynamics can be understood and explored. This spe- 
cial role is reflected in the number of different theoreti- 
cal approaches that exist, and overlap, in addressing the 
structure of Hght nuclei. The techniques range from full 
ab initio methods, such as the Green's Function Monte 
Carlo method Q or the Large Basis No-Core Shell Model 
method 0, in which the properties of light nuclei are 
computed starting from bare nucleon-nucleon interac- 
tions, to the traditional shell-model approach with renor- 
malized or phenomenologically-determined interactions, 
to cluster models. Light nuclei also provide an impor- 
tant arena for exploring physics on the interface between 
structure and reactions. The dawn of modern structure- 
reaction uniflcation is marked by several recent theoreti- 
cal developments: the Gamow Shell Model (GSM) Q and 
Continuum Shell Model (CSM) fl in particular. Real- 
istic tests of these models constitute an important step 
both in theoretical developments in the description of the 
properties of exotic nuclei and in furthering our under- 
standing of the role that exotic resonances play in nuclear 
astrophysics. 

In the analysis of the experimental study reported be- 
low we use the CSM approach which permits calculation 
of resonance parameters and cross sections, thus allowing 
a direct comparison with experimental data. A compari- 
son with older techniques such as a traditional R-matrix 
analysis with shell-model spectroscopic factors highlights 
their limitations and gives a valuable insight into physics 
on the reaction/structure borderline encompassed by the 
advanced CSM technique. 

The focus of this work is the structure of an exotic 
neutron-deflcient dripline isotope of carbon, ^C, which 
has a halflife of 126.5 ms and a binding energy of 1.3 
MeV. Spectroscopic information about this nucleus is 
scarce. The ground state of ^C was first identified in 
the i2C(^He,*^He) reaction by Cerny, et al. in 1964. 
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Ten years later, the first excited state of ®C was observed 
at 2.2 MeV using the same reaction Q. More recently, 
i2C(3He,*^He) was yet again studied in Ref. 0. The 
authors of this work claim to have seen another excited 
state at about 3.3 MeV. However, the complicated na- 
ture of the reaction mechanism did not allow for a reli- 
able spin-parity assignment. Instead, indirect arguments 
were given favoring spin-parity of 5/2+ for this level 0. 

Modern experimental techniques allow for the use of 
beams of radioactive nuclei to populate states in exotic 
isotopes by means of simple reactions such as one-nucleon 
transfer or resonance elastic scattering. As a result, more 
reliable identification on the properties of the observed 
states can now be obtained. In the present work, excited 
states in ^C are populated via resonance elastic scattering 
of radioactive ^B on protons. The main goal of this work 
was to identify the excited states in ^C and compare the 
properties of these states with theoretical predictions. 



II. EXPERIMENT 

The experiment was performed using the TwinSol ra- 
dioactive nuclear beam (RNB) facility at the University 
of Notre Dame 0. A 2.5 cm long gas target containing 
1 atm of '^He was bombarded by a nanosecond-bunched 
primary ^Li beam at an energy of 39.0 MeV and inten- 
sity of 200 electrical nA. The two-proton pickup reaction 
■^He(^Li,®B)n was used to produce the ^B ions. The en- 
trance and exit windows of the gas cell consisted of 2.0 
/im Havar foils. The secondary *B beam was momentum 
selected and transported through the two superconduct- 
ing solenoids, which focused it into a 5 mm spot on a 
9.0 mg/cm^ plastic (CH2) target. The laboratory en- 
ergy of the ®B beam at the secondary target position 
was 29 MeV, with a resolution of 0.7 MeV full width at 
half maximum (FWHM) and an intensity of up to lO'' 
particles per second. The energy spread was due to a 
combination of the kinematic shift in the production re- 
action plus energy- loss straggling in the gas-cell windows. 
Contaminant ions which had the same magnetic rigidity 
as 29 MeV ®B also were present in the beam, but they 
could be identified using the time-of-fiight (TOF) tech- 
nique. The TOF of the particles was obtained from the 
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Figure 1: The total energy of a beam ion vs. its time of flight 
measured with the Au target by a Si AE-E telescope placed 
at 7.7°. The start signal was taken from the E detector of the 
telescope and the stop signal came from the beam buncher. 



time difference between the occurrence of an E signal in 
a detector telescope and the RF timing pulse from the 
beam buncher. The time resolution of better than 5 ns 
(FWHM) was adequate to cleanly separate from all 
other ions (except for some direct protons as will be dis- 
cussed further in the text). This is illustrated in Fig. 
which was obtained with a 1.0 mg/cm^ Au target and 
a Si AE-E telescope placed at 7.7° with respect to the 
beam axis. The intensity of the beam during the exper- 
iment was determined from the ratio of the *B ions to 
the integrated charge of the primary ^Li beam collected 
in the TwinSol Faraday cup. This ratio was measured 
by placing the Si AE-E telescope directly at the target 
position. 

The thick-target inverse-kinematics technique Q was 
used to measure the excitation function of ^B+p reso- 
nance elastic scattering. The plastic target was thick 
enough (9.0 mg/cm^) to stop the 29 MeV *B ions. The 
recoil protons from back-angle elastic scattering in this 
target lose only a small amount of energy in traversing 
the foil and emerge from it with sufficient energy to be 
detected. Note that the lowest-energy protons, from the 
scattering of ®B ions near the end of their range, en- 
counter the least amount of material before leaving the 
target. In this manner, an excitation function for elas- 
tic scattering down to very low energies can be measured 
with high efficiency and good energy resolution. The re- 
coil protons were detected with two telescopes consisting 
of 19.5 and 19.2 ^m Si AE detectors, backed by 1000 ^m 
Si E detectors. The active area of the AE detectors was 



450 mm^ , and that of the E detectors was 600 mm^ . Each 
telescope had a circular coUimator with a diameter of 18 
mm that subtended a soHd angle of 11.6 msr. They were 
placed on either side of the beam at 7.7° with respect to 
the beam axis. It would have been preferable to place a 
telescope at 0° to the beam but the Hght-ion contamina- 
tion (Fig. nj produced a count rate in this position that 
was unacceptable since these ions penetrated the target 
and directly entered the telescope. 



It was verified that the recoil proton TOE signal was 
only sHghtly shifted in time relative to *B and was stable 
during the course of the experiment so that the separa- 
tion from elastic scattering of contaminant ions was excel- 
lent. Nevertheless, a background associated with direct 
protons scattered by the plastic target was still present in 
the proton spectrum measured by the telescopes, even af- 
ter the TOF gate. The origin of this proton background is 
the unfortunate coincidence between the difference of the 
actual ffight times of *B and protons from the primary to 
the secondary target (^--^80 ns) and the half-period of the 
buncher (100 ns). Because of this coincidence, a small 
fraction of the direct protons from the tail of the pro- 
ton time distribution overlaped with the timing of the 
^B ions from the "previous" bunch. This background 
was reduced by two orders of magnitude after a pulse 
selection was introduced (the efficiency of pulse selection 
was 99%), making the period between beam bunches 200 
ns. Still, some direct protons from the tail of the proton 
time distribution leaked into the gate, as shown in Fig. [21 
which represents the raw proton spectrum measured by 
one of the telescopes gated by the ^B TOF. This back- 
ground was eliminated by subtracting the spectrum of 
protons gated on timing in the region between ^B and 
''Be (dashed Hne in Fig. ^ from the spectrum of protons 
associated with ®B. 



Another source of background are protons produced 
in the interaction of the *B with carbon in the plastic 
target. These protons have exactly the same timing as 
the recoil protons from elastic scattering of *B on hy- 
drogen. The spectrum of this process, measured using a 
15.8 mg/cm^ thick carbon target is shown as the shaded 
histogram in Fig. El together with the total spectrum of 
protons from the plastic target measured by both tele- 
scopes. The thickness of the carbon target was adjusted 
to match the thickness of the plastic target in terms of en- 
ergy loss. The "carbon" background spectrum was scaled 
by a factor of 1.98 to reflect the difference between the 
integrated number of ®B ions accumulated during the 
main and background runs, adjusted to account for the 
different number of carbon atoms per cm^ for the same 
energy loss in the carbon and plastic targets. The poly- 
nomial fit to the "carbon" background (shown as a soHd 
line in Fig. O was then subtracted from the spectrum of 
protons obtained with the plastic target. 
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Figure 2: The raw spectrum of protons measured by one of 
the telescopes and gated on *B TOF. The sharp peak at 9 
MeV is due to direct protons scattered by the plastic target. 
The dashed line is a spectrum of protons produced by gating 
on the TOF between *B and '^Be. 
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Figure 3: The laboratory spectrum of protons from both tele- 
scopes measured with the plastic target. The background 
associated with the direct protons from the beam has been 
subtracted. The normalized proton background from the in- 
teraction of *B with carbon in the plastic target is shown as 
the shaded histogram. The solid line represents the polyno- 
mial fit to the carbon background which was used for sub- 
traction of this background from the total spectrum. 



III. STRUCTURE OF IN THE CONTINUUM 
SHELL MODEL. 

The continuum of reaction states is an inseparable part 
of the structure. Thus, for the analysis and interpre- 
tation of the experimental results we used the Continuum 
Shell Model (CSM) developed in Ref. Q. The traditional 
shell-model (SM) Hamiltonian that describes the inter- 
nal evolution of the system is supplemented here with the 
continuum of reaction states. For the model Hamiltonian 
we use an s-p-sd-pf valence space with the WBP interac- 
tion The Hamiltonian for protons in the continuum 
is given by a Woods-Saxon potential. The parameters 
of this potential were taken from Ref. The experi- 

mental value of the reduced mass of the ^B+p system was 
used. For the discussion here, the relevant set of channels 
includes the 2+ ground state and 1"*" first excited state of 
^B. These states are well reproduced by the above WBP 
interaction, but the CSM reaction calculations were per- 
formed using the actual experimentally-known Q-values. 
The results from the CSM calculation are presented in 
Table U This table also includes the spectroscopic fac- 
tors computed for the corresponding channels. 

The spectroscopic factors are defined here in a con- 
ventional way as overlap integrals {iPsm\iP»b ^ ^p) , ne- 
glecting the effects of the continuum. Using these spec- 
troscopic factors, and the decay widths Tws resulting 
from the potential-model calculation, a perturbative ap- 
proach can also be used to estimate the decay widths. 
The results of the perturbative calculation (not shown) 
are extremely close to those from the full CSM calcula- 
tion given in the table. This agreement highlights the 
fact that CSM, by construction, extends the traditional 
SM approach yet yields identical results for bound states 
and almost unchanged results for isolated narrow reso- 
nances as the conventional SM. To assess the role of the 
continuum beyond the lowest order in perturbation, in 
the third column we show the eigenstate reorientation 
angle 9, defined as cos0 — {iPsmU'csm)- This angle 
reflects the relative change in the wave function due to 
the presence of the continuum. For bound states, the an- 
gle is zero confirming that SM and CSM eigenstates are 
identical. The second 3/2~ shows a noticeable deviation 
which can be explained by its interaction through the 
continuum with a higher-lying 3/2~ state at 6.27 MeV in 
excitation having a width (determined by the CSM) of 
3.6 MeV. Despite their almost 2.6 MeV separation, the 
large widths allow these two 3/2 ~ states to overlap lead- 
ing to the noticeable changes in the structure. The case 
of the 3/2+ state is similar. 

It is well established that parametrization of a broad 
resonance by the energy of its centroid and its width is 
particularly ambiguous in the case of broad and/or over- 
lapping resonances, as well as those close to thresholds. 
The above case of the interference between 3/2~ states 
is a good example of this phenomenon. The interference 
effects, while having a moderate effect on the param- 
eters of the resonances, nonetheless result in noticeable 
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changes in the cross sections. In Fig. |H1 (discussed below), 
the CSM was used to calculated the inelastic ®B+p cross 
section, which at low energies is dominated by the above 
mentioned pair of 3/2 ~ states. While the appearance 
of the peaks is very consistent with a parametrization 
by energy and width, the off-peak behavior reflects the 
significant role of interference. The comparison with R- 
matrix calculations that include only a single resonance 
is indicative of this phenomenon. (Further comparison of 
cross section curves and theoretical methods is interest- 
ing but remains beyond the scope of this paper.) 

Given the large variety of available shell model inter- 
actions, we estimate the theoretical uncertainty in our 
results by conducting another calculation with a differ- 
ent interaction. The "PWT" interaction was used 
for the results given in Table Hll This older interaction 
includes only the p-shell. The Woods-Saxon Hamilto- 
nian describing the continuum remained unchanged in 
this calculation. 
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Figure 4: Excitation function for resonance scattering of *B 
on protons at 164° ±7°. The excitation energy is shown 
on the X-axis (this is the cm. energy plus the proton binding 
energy of 1.3 MeV). 



IV. INELASTIC BACKGROUND IN THE 
PROTON SPECTRUM. 

The excitation function for the resonance scattering of 
on protons is shown in Fig. ^ The background asso- 
ciated with carbon in the target and with direct protons 
has been subtracted as described in Sec. II above. Con- 
version into the center-of-momentum (cm.) system was 
performed individually for each bin of the histogram by 
a computer code which takes into account the geometry 
of the experiment, the integrated number of accumulated 
®B ions, the energy losses of the ^B and protons in the 
target, and the effective target thickness for a specific 
bin. Two major features in the excitation function, in- 
dicated by ellipses and labeled by letters A and B, are 
apparent in Fig. ^ These features could have been asso- 
ciated with broad resonances at excitation energies ~2.7 
MeV and ~ 4 MeV in ^C, but no states were reported 
or predicted in at these excitation energies The 
only known excited state in is a narrow (100 keV) 
l/2~ state at 2.2 MeV which cannot be associated with 
either of these features. 

More information is available on the level structure of 
the mirror nucleus ^Li. The second excited state in ^Li, 
which has a tentative spin-parity assignment of 5/2~, has 
been observed at an excitation energy of 4.3 MeV [l^ . 
The analog state is a good candidate for an explanation 
of the second peak in the *B+p excitation function (fea- 
ture B in Fig. 31- However, the first peak (feature A) 
has no suitable counterpart in the spectrum of ^Li. The 
large width of this peak (~500 keV) at 1.3 MeV above 
the threshold for proton decay indicates that the wave 
function of this state should have a significant contribu- 
tion from the single particle configuration Tpp (g) il}»B(gs)- 
A state with such properties should have been observed 
in the recent ^Li(d,p) experiment of Wuosmaa, et al, yet 
no states between the known l/2~ state at 2.6 MeV and 



the state at 4.3 MeV were observed (l^ . 

Various theoretical calculations also fail to offer any 
hint on what the structure at 2.7 MeV might be. No 
states in ^Li/^C between the l/2~ and 5/2~ states are 
predicted, either by large basis no-core shell-model calcu- 
lations 0, or by Quantum Monte Carlo calculations P|. 
(These predictions have to be treated with caution since 
configurations that allow positive parity states were not 
included). Continuum Shell Model (CSM) calculations, 
described in the previous section, also predict no states 
between the l/2~ and the 5/2~ states. The considera- 
tions discussed above do not completely rule out a state 
at 2.7 MeV in ^C, but they make its existence very un- 
likely and stimulate the search for another explanation 
of this feature. 

The main disadvantage of the experimental technique 
used in this experiment is the inability to distinguish 
between elastic and inelastic scattering. Indeed, in the 
case of inelastic scattering, the recoil proton produced in 
the process also can hit the detector and hence be mis- 
taken for an elastically-scattered proton. Normally, at 
low excitation energies, the cross section for resonance 
elastic scattering is much higher than that for inelastic 
scattering and the contribution from inelastic processes 
can safely be ignored. In fact, this is almost the case 
here. Estimations made using both CSM and R-matrix 
approaches (details are given in the following section) 
produce a cross section for the inelastic process which is 
one order of magnitude lower than that for elastic scat- 
tering. However, since the excitation energy of the first 
excited state of ^B is 0.77 MeV, which is 0.63 MeV above 
the threshold of the *B proton decay, an extra proton will 
be produced in the inelastic scattering process. More- 
over, due to the inverse kinematics of the experiment, 
the extra proton will be focused more toward forward 
angles, increasing the chance to hit the detectors. The 
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Table I: Continuum Shell Model results for performed with the WBP interaction 10] in an s-p-sd-pf valence space. Calculated 
excitation energies, widths, spectroscopic factors and eigenstate reorientation angles are given for the first five states in ^C. The 
known experimental value for the excitation energy of the l/2~ state 12:] and the excitation energy of the 5/2~ state measured 
in this work were used in the reaction calculations. 
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Table IL Continuum Shell Model results for ^C performed with the PWT interaction [Tf1 | in a p-shell-only valence space. 
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energy of this proton can be estimated using the follow- 
ing arguments. The cross section for inelastic scattering 
is likely to increase toward higher beam energies due to 
higher penetrability factors. Hence most of the "inelas- 
tic" protons are produced at the beginning of the target. 
After inelastic scattering, the ®B recoils are focused into 
a narrow cone (^--^6° with respect to the beam axis) and 
have an energy of ~3.0 MeV/A. The energy of protons 
produced in the decay of the excited state of ®B is: 

E, = ^ + Iq + cose, (1) 

where Q is the decay energy (0.63 MeV) and 9 is the 
angle between the momentum vectors of the proton and 
the ^B, which has to be close to 0° or 180° in order for 
the proton to hit the detector at 7°. If 6* is 0°, then Ep is 
roughly 6 MeV. The energy loss of 6 MeV protons in the 
9 mg/cm^ plastic target is ~1 MeV. This leaves us with 
5 MeV protons in the detector. Note that only a limited 
range of angles can produce a hit in the detector. Hence 
the protons from the decay of the first excited state of 
®B will peak at around 5 MeV. This is exactly the energy 
of the first peak (A) in the laboratory frame (see Fig. 
inj. On the other hand, if the angle is close to 180° 
the proton energy will be ~1.0 MeV and these protons 
will be stopped in the target. Therefore, only one peak 
from the proton decay of the ^B first excited state can 
be observed. 

A realistic Monte-Carlo simulation of the inelastic scat- 
tering iH(®B,p')®B*(l+;0.77 MeV) with subsequent pro- 
ton decay of ®B was performed. The simulation took into 



account the specific geometry of the experiment, the kine- 
matics of the process, energy losses of the ^B and protons 
in the target, energy straggling, and multiple scattering 
(the GEANT 3.21 package was used [14]). The result of 
this simulation is shown in Figure The first peak of 
the shaded histogram in Fig. Elis associated with protons 
from the decay of the excited ®B state, and the second 
peak corresponds to the recoil protons inelastically scat- 
tered by ^B. It can be seen from Fig. Elthat "inelastic" 
protons can entirely account for the peak observed in the 
proton spectrum at 5 MeV if the cross section for inelastic 
scattering of ®B is ~1/10 of the elastic cross section at 29 
MeV. In the following analysis, we will assume that this is 
the case and subtract the "inelastic" proton contribution 
from the excitation function. 



V. R-MATRIX ANALYSIS 

The excitation function of resonance elastic scattering 
of ®B on protons resulting from the subtraction of "direct" 
proton background, "carbon" background and assumed 
"inelastic" proton background, and converted into the 
cm. system, is shown in FigureEl A two-channel multi- 
level R-matrix approach was then applied for the analy- 
sis of the excitation function. Besides the elastic channel, 
the first inelastic channel was included in the R-matrix 
calculation. In order to make the R-matrix fit more real- 
istic, we start by deducing the reduced-width amplitudes 
from the CSM spectroscopic amplitudes. Since these am- 
plitudes have been calculated in the jj-coupHng scheme, 
they must be re-coupled into LS coupling as used in the 
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Figure 5: The proton spectrum in the laboratory system with 
the carbon background subtracted. The Monte-Carlo simu- 
lation of the inelastic process ^H(*B,p')'*B*(l + ;0.77 MeV) is 
shown as a shaded histogram. The two peaks at 5 and 9 MeV 
in the shaded histogram are associated with the proton decay 
of the *B excited state and the inelastically scattered proton, 
respectively. 

R-matrix approach. This can be accomphshed using the 
6j-symbols, according to the following expression: 

where c corresponds to a specific channel with a set 
of quantum numbers J, ^, S (the channel spin S — Ii + 
I2), Ii (the spin of the projectile), I2 (the spin of the 
target), fic is the reduced mass, Oc is the channel radius 
(4.5 fm), and Axcj is the CSM spectroscopic amplitude 
(the relative phase was calculated in the CSM and defined 
by the sign of the A\cj). The sum is taken over the 
relevant single-particle orbits {j = 1/2 and 3/2 for p- 
shell states). Reduced- width amplitudes, calculated as 
described above, were then varied about the calculated 
values to obtain the best fit to the data shown in Fig. 

It is clear that the known l/2~ first excited state of ^C, 
at an excitation energy of 2.2 MeV and having a width of 
100 keV cannot account for the large cross section 
observed at higher energy (dotted curve in Fig 01. Intro- 
duction of a broad 5/2~ state at an excitation energy of 
^--^3.6 MeV produces a reasonable agreement between the 
R-matrix calculation and the experimental data (solid 
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Figure 6: The excitation function of resonance elastic scat- 
tering of *B on protons after subtraction of "direct", "carbon" 
and "inelastic" backgrounds. The solid curve is an R-matrix 
fit with the known l/2~ resonance plus a 5/2~ state at an 
excitation energy of 3.6 MeV having a width of 1.5 MeV. The 
dotted curve shows the contribution of the l/2~ state alone. 
R-matrix calculations for the l/2~ state together with 3/2~ 
or 5/2"^ states are shown as dash-dotted and dashed curves, 
respectively. 



curve in Fig. EJ. The excitation energy and width of 
the assumed 5/2" state are 3.6 ± 0.2 MeV and 1.4 ± 0.5 
MeV, respectively. No other spin-parity assignment for 
the state at 3.6 MeV agrees with the experimental data. 
The cross section for the 3/2~ state is too small (dash- 
dotted curve in Fig. EJ, and the positive parity states, 
with i=0 dominant partial wave, produce a dip in the ex- 
citation function due to destructive interference (dashed 
curve in Fig. ^ . 

Two problems can be identified in the description of 
the excitation function as a combination of only two 
states, l/2~ and 5/2~. First, the measured cross sec- 
tion is still somewhat higher at ~4 MeV than can be 
accounted for by the 5/2^ state in ^C. Second, the 5/2^ 
state is essentially a single-particle state and decays pre- 
dominantly to the ground state of ®B. If no other states 
are introduced, the cross section for inelastic scattering 
[^H(^B,p')*B(l+)] would be too small to account for the 
"inelastic" peak at 5 MeV in the laboratory proton spec- 
trum (Fig. 1^. Both problems can be resolved at once if 
an additional state with substantial contribution from the 
^B(l+)+p configuration is introduced. The CSM calcu- 
lations predict two states in close proximity to the 5/2~ 
state (see Table HJ. These are 3/2~ and 3/2+ states at 
4.1 and 4.2 MeV. The wave function of the 3/2" state 
has a large inelastic component (Table Pi . Hence, the 
introduction of this state can potentially fix both prob- 
lems by increasing the cross section at ~ 4 MeV and 
explaining the observed "inelastic" peak. The solid curve 
in Fig. H shows an R-matrix fit with l/2~, 5/2~ and 
3/2~ states. The dashed curve in Fig. represents 
the inelastic excitation function due to the 3/2~ state. 
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Table III: Excitation energies, energy eigenvalues, widths and 
reduced- width amplitudes of the resonances deduced in ^C. 
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Figure 7: Solid curve is an R-matrix fit of the B+p exci- 
tation function which includes l/2~, 5/2~ and 3/2~ reso- 
nances. Dotted curve is the calculated excitation function of 
the resonance inelastic scattering (it is mostly due to the 3/2~ 
resonance) . 



The best-fit R-matrix parameters for all three states are 
shown in Table IIIII (the values given in parenthesis are 
reduced-width amplitudes calculated from CSM spectro- 
scopic amplitudes using the WBP 10] interaction, ac- 
cording to the expression ISJ . The parameters for the 
1/2 ~ state (energy eigenvalue and elastic reduced- width 
amplitude) were adjusted to rep roduce the experimental 
excitation energy and width ■ The parameters for the 
3/2~ state were derived from CSM and were not varied. 
As follows from the Table |lll[ no significant modifica- 
tions of the calculated CSM reduced-width amplitudes 
(except for the elastic reduced-width amplitude of the 
1/2^ state) were necessary to fit the experimental data. 



VI. DISCUSSION 

The main result of this work is a firm identification of 
the 5/2~ resonance in ^C. Its excitation energy is 3.6±0.2 
MeV and its width is 1.4±0.5 MeV. This state is a fea- 
ture of all theoretical calculations, ah initio P, |3| and 



shell-model alike, which seem to agree on the structure 
and excitation energy of the state. These predict that 
it should be in the vicinity of 3.5 MeV and have a sin- 
gle particle structure with spectroscopic factor of about 
0.8. The experimental width of the 5/2~ state is in very 
good agreement with the CSM width (1.30 MeV). Based 
on this comparison, the experimental single-particle spec- 
troscopic factor of the 5/2~ state is 0.77±0.25. This re- 
sult is also in very good agreement with the recent ex- 
perimental result of Wuosmaa, et al. in which the 
spectroscopic factor of the mirror state in ^Li was mea- 
sured to be 0.93±0.2 using the *Li(d,p) reaction. 

Unfortunately, the statistics in the present experiment 
were not sufficient to observe the weak 1/2 ~ first ex- 
cited state. The direct observation of this state in the 
^B+p excitation function would allow for an accurate 
measurement of its width. At the moment, it seems that 
theoretical calculations (especially shell model) tend to 
underestimate the single particle spectroscopic factor of 
this state. The width of this state in ^C was deter- 
mined in a single, low-statistics experiment using the 
^^C('^He,^He) reaction @|, and the measured value of 
100±20 keV indicates that the spectroscopic factor of the 
state is '^0.67±0.15 based on a comparison to the CSM 
width given in Table A similar result was obtained for 
the spectroscopic factor of the l/2~ state in ^Li using 
the ®Li(d,p) reaction ^|. However, the theoretical pre- 
dictions for the spectroscopic factor (which range from 
0.17 to 0.5 depending on the model and interaction used 
in the SM) are consistently lower than the experimental 
value. Hence, it would be of interest to verify the result 
of the previous experiment and improve the experimental 
accuracy for the value of the width of this state. 

In addition to the known l/2~ state and the proposed 
new 5/2~ state, the experimental data indicate the pres- 
ence of an additional state or states at or above 4 MeV 
with strong decay branch(es) into the first excited state 
of ^B. The 3/2" state predicted by CSM at 4.1 MeV (Ta- 
bleUl seems to be a good candidate. The inclusion of the 
3/2^ state improved the fit and provided for an explana- 
tion of the "inelastic" peak at 5 MeV of proton laboratory 
energy. The inelastic cross section due to the 3/2 ~ state 
(shown in FigureCjl was calculated using an R-matrix ap- 
proach with parameters for the 3/2~ state derived from 
the CSM as described in the previous section. This cross 
section can also be calculated directly in the CSM ap- 
proach in which all the resonances (including resonances 
at higher excitation energy) are included automatically 
with correct interference. The comparison of the total 
®B(p,p')^B(l+) inelastic cross section, calculated using 
the R-matrix approach and the CSM, is shown in Fig. |H| 
The magnitude and the shape of the total inelastic cross 
section is similar in both calculations. This comparison 
is instructive in many ways. First, it shows that the 
R-matrix calculation with reduced-width amplitudes de- 
rived from the CSM spectroscopic amplitudes using Eq. 
121 produces a cross section in the vicinity of the 3/2 ~ res- 
onance which is similar to the one calculated directly in 
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fm) and depth adjusted to reproduce the cm. energy of 
the 4.3 MeV state in ^Li gives 0.5 MeV for the Thomas- 
Ehrman shift of the £=1 state. This value is a factor of 
four bigger than the one assumed in Ref. and suggests 
that the excitation energy of the 5/2^ state in ®C should 
be ~3.8 MeV. This value is in very good agreement with 
the results of this work, lending further support to a 5/2~ 
spin-parity assignment for the resonance in question. 



VII. CONCLUSION 



-20 I ' ' ' ' ' 1 

2 2.5 3 3.5 4 4.5 5 

Excitation energy [IVIeV] 

Figure 8: The total cross section of the inelastic scattering 
process ®B(p,p')**B(l+). The dotted curve was calculated us- 
ing the R-matrix approach with resonance parameters given 
m Table Uni The solid curve is the CSM calculation, which 
automatically take into account the influence of higher- lying 
resonances. 

the CSM . Second, it indicates that, while the 3/2~ res- 
onance included in the R-matrix calculation determines 
the inelastic cross section at ~4 MeV, the shape of the 
inelastic cross section is influenced by higher- lying res- 
onances (especially by the next 3/2~ state). The CSM 
automatically takes this into account, providing a real- 
istic estimate of the influence of background resonances 
and accounting for the possible interference of this back- 
ground with the main resonances. This feature of the 
CSM is important for future studies of the properties 
of exotic nuclei in resonance scattering. Unfortunately, 
due to the limited excitation energy range, relatively low 
statistics, and inability to separate elastic from inelastic 
processes, the inelastic cross section cannot be accurately 
extracted from the present experimental data and the ac- 
tual parameters of the 3/2~ state cannot be determined. 

In Ref. 0, the authors claim that they observe a res- 
onance in ''C at 3.3 MeV in the i2C(^He,^He) reaction. 
Based on the assumption of mutual correspondence be- 
tween the 4.3 MeV state in ^Li and the observed state 
in ^C, they concluded that the state cannot be 5/2~, 
arguing that the observed Thomas-Ehrman shift is too 
large for an £=1 state. A 5/2+ spin-parity assignment 
was proposed instead. However, close examination of the 
^He spectrum in Fig. 1 of Ref. Q reveals that, due to 
low statistics and poor experimental resolution (~ 500 
keV), the spectrum allows for a different interpretation 
and also does not contradict assignment of a broad state 
at 3.6 MeV. Moreover, the value for the Thomas-Ehrman 
shift of the 5/2^ state in ^Li/^C can be estimated from 
a simple potential model assuming a pure single-particle 
nature for this state. For example, a Woods-Saxon po- 
tential with common parameters {tq = 1.21 fm, a — 0.65 



The excitation function for resonance scattering *B+p 
was measured using the thick-target inverse-kinematics 
technique. A ^C excitation energy range from 1.8 MeV 
to 4.5 MeV was covered. One new state in ^C was iden- 
tified at an excitation energy of 3.6±0.2 MeV, having a 
width of 1.4±0.5 MeV. R-matrix analysis of the excita- 
tion function allows for a unique 5/2 ~ spin-parity as- 
signment to this state. It has a single-particle nature 
with a spectroscopic factor of 0.77±0.25, consistent with 
theoretical predictions of the ab initio models and CSM 
calculations, and also with recent experimental results 
for the presumed mirror state in ^Li |l3|. The measured 
excitation function indicates the existence of higher-lying 
states with strong inelastic decay branches. A new mea- 
surement with higher statistics, broader excitation en- 
ergy and angular range coverage is highly desirable. The 
new experiment must be designed in a way that allows 
for separation of elastic and inelastic scattering. 

Using the CSM as a part of the analysis, we attempted 
to take a step beyond the typical perturbative approach 
based on spectroscopic factors and R-matrix analysis. In 
the case of the newly-discovered resonances, due to their 
isolated nature, the role of the continuum appears to be 
reasonably well described by perturbation theory. How- 
ever, the onset of physics that demands the use of a uni- 
fied structure-reaction approach is clearly indicated. As 
an example, the experimental analysis hinges on tracking 
the contribution from an inelastic channel that appears to 
be dominated by overlapping 3/2~ resonances. The CSM 
was used to compute the cross section for this process, 
and comparison with the R-matrix fit indicates a non- 
trivial nature for new physics on the structure/reaction 
border that is successfully captured by the novel CSM 
technique. 
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